Using molecular dynamics simulations with a many-body force field, we studied the deformation of metal alloy nanowires subjected to various strain rates. For all strain rates, the Ni nanowire is elastic up to of 7.5% strain with a yield stress of 5.5 GPa, far above that of bulk Ni. At high strain rates, the crystalline phase transforms continuously to an amorphous phase, exhibiting a dramatic change in atomic short-range order. The amorphization transition is associated with the vanishing of the tetragonal shear elastic constant perpendicular to the tensile direction. PACS: 61.43.Dq, 68.35.Rh, 62.20.Fe, 64.70 considered that the compressibility vanishes at the melting point. Born 4 later concluded that the stability against sublimation is provided by the bulk modulus while stability against melting is provided by the rhombohedral shear modulus (C 44 for cubic) and the tetragonal shear modulus (C 11 -C 12 for cubic).
It has long been of interest to relate the phenomenon of melting to a limiting stability of the solid state. Lindemann 1 related the melting temperature to a critical amplitude of lattice vibrations. Born 2 characterized the liquid as a solid with vanishing shear rigidity, whereas Herzfeld and Goeppert-Mayer 3 considered that the compressibility vanishes at the melting point. Born 4 later concluded that the stability against sublimation is provided by the bulk modulus while stability against melting is provided by the rhombohedral shear modulus (C 44 for cubic) and the tetragonal shear modulus (C 11 -C 12 for cubic).
Tallon 5 showed that the shear moduli do not vanish at the thermodynamic melting temperature T m .
Rather they decrease with increasing temperature in such a way as to extrapolate to zero at the critical temperature above T m . He also found that this instability is triggered by the vanishing (C 11 -C 12 )/2 rather than C 44 . Recently, Wang et. al. 6 derived modified stability conditions for the case of strained solids by including the hydrostatic pressure into the strain tensor, which becomes important close to the instability.
It was shown experimentally that a crystal can be made amorphous by alloying (chemical disorder) or introducing other defects. 7 Theoretical criteria for crystal to glass transitions, have been proposed by Egami. 8, 9 Experimentally the thermodynamic melting transition is often proceeded by surface melting 10 and studied recently in detail. 11 The vanishing of elastic constants near the crystal to glass transition has been measured experimentally.
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In the present letter, we present the first evidence for strain rate induced amorphization or melting in metallic nanowires. We used Molecular Dynamics (MD) simulations to strain fcc crystalline nanowires at a uniform rate along the <001> crystallographic direction. 17 Here the boundary in the c direction is periodic (an initial cell length of 10 fcc unit cells) , while the boundaries in the a and b directions are nonperiodic (an initial cell length of 5 fcc cells). Thus, we considered an infinite nanowire with a thickness of 2nm. We studied the deformation behavior at constant strain rates (0.05%/psec to 5%/psec) and constant temperature (300K). The tensile strain component ε 33 was applied uniformly and incremented every 1 ps during the simulation so as to obtain the specified strain rate. The average stress components σ ij in the specimen were computed at each applied strain increment. At the strain rates reported here, the stress distribution relaxes to a homogeneous stationary equilibrium state of uniaxial stress. We observe a crystal to glass transformation that occurs at a critical strain rate that depends on temperature and alloy composition.
Such large strain rates are observed experimentally only in shock wave and ball milling studies,
where it has been difficult to control temperature to obtain details about dynamic structural changes. 3 Experiments at such high strain rates lead to shear localization arising from adiabatic heat dissipation and local thermal softening of the material. This results in highly nonequilibrium systems that are difficult to study experimentally. The MD simulations follow the effects of strain independently from those arising from heat dissipation and concomitant temperature increase.
To illustrate the effect of strain rate on the detailed deformation, Figure 1 displays snapshots of MD simulations on an fcc NiCu nanowire (at 300K) deformed to 100% strain at various strain rates from 0.5 %/psec to 5 %/psec in the z-direction. For ε& = 0.5%/ps cooperative shear events within the crystal produce coherent shear bands, which are often coherent "twins." Multiple coherent shearing events lead "work hardening" and necking before failure. For ε& =5%/ps, the behavior is fundamentally different. No coherent shear bands or twins are formed within the specimen as the system is strained. Instead, the specimen transformations homogeneously to an amorphous state at strains of only 0.15. This homogeneously disordered material undergoes homogeneous uniform flow with no evidence of work hardening or necking (as characteristic of an amorphous metal 24 ). Figure 2 shows how the strain rates affects the stress-strain curves (pure Ni at T = 300K). For all strain rates, the stress increases linearly with strain (ε 33 ) up to ~ 5.5GPa and 7.5% strain. This elastic yield stress and yield strain far exceed that of bulk Ni.
Past the elastic limit (7.5% strain), for lower strain rates (ε & = 0.05%/psec or 0.5%/psec), the stress drops rapidly by 50% (to 2.8Gpa). With further strain, the stress again rises, then drops in a repeating cycle. The sample remains crystalline during these step-wise transitions and accommodates the strain by formation of cooperatively sheared regions with reoriented fcc crystal (see Figure 1 ). Such transformations have been observed previously in plastic deformation of crystals, and were explained in terms of twin formation or similar cooperative shear processes. 25 For ε& = 5%/psec, fig. 2 shows a very different behavior; beyond 7.5% strain the system changes from fcc to a glass with accompanying homogeneous plastic flow. Thus, we see a gradual rounding of the stress strain curve with no apparent "twinning related" stress drops, as observed at slower strain rates.
The maximum stress occurs at ~ 15% strain where σ 33 = 9.5GPa is reached. Further plastic deformation leads to decreased stress, with a limiting value of σ 33 ~ 3 GPa and a viscosity of η ~ 60 cP. Even at this high strain rate, the sample is homogeneous with a normal Poisson contraction in the ε 11 and ε 22 strains and no localized shear events.
4 Figure 3 shows the radial distribution function (RDF), G(r), of Ni as a function of strain for ε& = 5%/psec . At ε = 0.1 we still observe the peak near 0.32nm representing the octahedral sites , but for ε = 0.15 this peak is gone ). The RDF evaluated at ≥ 0.15 strain state suggests that the crystalline phase has transformed to the amorphous phase. However, starting with the amorphous state achieved by straining at 5%/psec and then slowing the strain rate to 1%/psec we found that the sample re-crystallizes to form polycrystalline Ni. Thus for pure Ni at 300K the critical strain rate to transform and remain amorphous is close to 5%/psec. Figure 4 shows the elastic constants for Ni as a function of strain for ε& = 5%/psec. The uniaxial tension in the z-direction breaks the cubic symmetry so that the 3 independent elastic constants split into 6 independent elastic constants for the tetragonal system: C 11 = C 22 , C 33 , C 12 , C 13 = C 23 , C 44 = C 55 , and C 66 . By a strain of 0.7 we observe the 4 independent elastic constants: C 11 = C 22 , C 33 , C 12 = C 13 = C 23 , C 44 = C 55 = C 66 expected for a homogenous amorphous glass under steady state uniaxial deformation We note that C 44 = (C 11 -C 12 )/2), as for an isotropic solid, and also 3C 66 -C 44 = C 22 -C 23 . Upon release of the externally applied tension on the amorphous sample, we recover isotropic symmetry with 2 independent constants. Thus figure 4 , indicates that the amorphization process starts at 10% strain but is not complete until 70% strain (where we find the expected symmetry related degeneracies in the C ij 's). Thus this relaxation takes ~ 10ps, about the time for a shear wave to traverse the unit cell a few times.
The insert in Figure 4 shows the tetragonal shear modulus in the xy plane, (C 11 -C 12 )/2, decreases linearly with increasing strain for all strain rates. up to ~ 7.5% strain . However for ε& ≤ 0.5%/psec, the shear modulus suddenly increases at 7.5% strain state up to its original value. This is due to the relaxation of stress by twinning or coherent shearing (Figure 2 ). The linear extrapolation of (C 11 -C 12 )/2 to zero would predict a vanishing shear modulus at 11% strain. For ε& = 5%/psec strain rate, there is no sudden increase of the shear modulus (C 11 -C 12 )/2. Instead it decreases with increasing strain, first linearly, then less rapidly as it approaches the critical condition. It continues to decrease until the strain is 10%, then bends to form a minimum at 12% strain and then gradually goes to a limiting value as the amorphization transition is complete. This deviation from a linear extrapolation is, we believe, is related to the presence of critical shear fluctuations as the system approaches (C 11 -C 12 )/2 = 0 condition. We observe that the rhombohedral shear moduli C 44 = C 55 extrapolate to vanish at a strain of (0.20%), higher than for the tetragonal shear (0.11%). This leads to a Young modulus in x, y-direction vanish at 11% 5 strain, while Young modulus in z-direction increases. Thus, one can consider that the fcc-nanowire first begins to melt in the x-y plane.
In conclusion, we report that strain-rate can induce melting in fcc-nanowires. This transformation is indicated by the change in the RDF, the symmetry in the elastic constants, and the vanishing tetragonal shear modulus. Effectively the strain rate of ε& = 5%/psec has decreased the melting temperature down to less than 300K. For pure Ni and NiCu alloys we find that the critical strain rate for the crystal to glass transition is below 5%/psec. For strain rates of 0.5%/psec we find cooperative shear events (twins) in the nanowire but no phase transitions.
interactions of the pure metals (Au, Cu, and Ni) and their alloys (Cu-Ni and Au-Ni). This force field has been applied to studies of thermodynamic and transport properties of metals and alloys. [19] [20] [21] [22] Before deformation, the sample was allowed to relax at 300K for 10ps but with the sample length fixed. Using the coordinates of the unstressed infinite cubic system for the wire leads to initial stress components of σ 33 = 1.9 GPa, σ 11 = -0.1 GPa, and σ 22 = -0.1 GPa. This arises from the capillary forces associated with the free surfaces. We calculate the for transforming to the amorphous phase. The steady state amorphous phase in uniaxial tension (above 0.6 strain) has four independent constants. The Insert shows C 11 -C 12 for lower strain rates. 
